We have succeeded in imaging of the terrestrial plasmasphere by the Telescope of Extreme Ultraviolet (TEX) aboard Japan's lunar orbiter KAGUYA. The view afforded by the KAGUYA orbit encompasses the plasma distribution in a single exposure, enabling us to examine for the first time the globally-averaged properties of the plasmasphere from the "side" (meridian) perspective. This is the world first image of the plasmasphere from the moon.
Introduction
Observations by polar orbiting satellites such as Dynamic Explorer 1 (DE-1) and AKEBONO (EXOS-D) found that the upward flux of O + was comparable to that of H + , especially under an active geomagnetic condition and during a period of a high solar activity 1) 2) . Furthermore, GEOTAIL observed the cold dense O + flow of the ionospheric origin in the distant tail lobe 3) 4) . The difference between the rate of O + outflow from the polar ionosphere and that of O + escape from the magnetosphere to interplanetary space indicates that there should be unknown transport processes for O + in the magnetosphere 5) . The 2-Dimensional O II imagery, which shows us a global O + distribution, is expected to identify the transport routes and mechanisms of the cold O + ions and to reveal a quantitative balance between the supply and loss including thermal plasma.
On the other hand, our knowledge of the Earth's plasmasphere has increased steadily owing to a number of in situ plasma measurements during the past several decades. The plasmasphere is filled with cold ions such as H + , He + , and a small amount of O + and is filled up to high density (about 100 ions/cm 3 ). The outer boundary, the plasmapause, is interpreted as a separatrix between closed and open convection trajectories 6) . Under a steady convection electric field condition, the plasmapause is considered to form a "teardrop" shape on the equatorial plane. The traditional models indicate that the plasmapause moves closer to the Earth when the large-scale convection electric field is enhanced. Then plasma which was previously on a closed drift path changes to an open drift path. As a result, the open drift path carries the plasma sunward, creating a plasmaspheric tail.
The remote-sensing methods using the extreme ultraviolet (EUV) emission of He + (He II 30.4 nm) and O + (O II 83.4 nm) have been expected to be a powerful tool to provide global perspectives on the escaping processes 7) 8) 9) , because conventional in-situ plasma particle measurement methods cannot detect plasma particles far from the satellite or thermal plasmas. The fundamental technology to detect He II emission began with the rocket experiments in the 70s and 80s 10) 11) 12) 13) . These measurements clarified that optical thickness of He + ions is very thin and intensity is very low (10 Rayleigh at most). Also, they clearly showed feasibility to image the plasma distribution around the Earth. In the 90s, technological developments in EUV optics were reported in several articles 14) 15) , and breakthrough in multilayer coating technique was firstly demonstrated by the sounding rocket experiment 16) . Later, the 2-D He II imaging of the terrestrial plasmasphere from its outside was done by both the Planet-B (Nozomi) spacecraft 17) 18) 19) and the Imager for magnetopause-to-Aurora Global Exploration (IMAGE) mission 20) . Cold He + ions in the near-Earth plasma sheet were also optically observed by Planet-B 21) . The technological development for detecting 30.4nm radiation is in progress 22) . The optical observations of oxygen ions around the Earth have not been yet performed, because of difficulty to reject the bright H Ly-α line from the geocorona. We had developed primitive equipment named the eXtreme UltraViolet (XUV) sensor that has the thick indium film for the band pass filter. It has enough high efficiency ratio of the O II emission to the H Ly-α  line 23) . On December 4, 2000, it flew onboard the sounding rocket SS-520-2 to investigate the mechanism of ion acceleration and/or heating at the cusp/cleft region. The XUV sensor successfully detected the O II emission from the uppermost part of the polar ionosphere. The altitudinal variation from 150 through 1100 km indicated the existence of O + ions beyond the polar ionosphere and suggested that the O + ions energized in the cusp/cleft region may drift to the uppermost part of the polar ionosphere.
Using an upgrade version of this instrument we planed to obtain the O II images of the polar wind from the lunar orbit with the SELenological and ENgineering Explorer (SELENE). The SELENE (KAGUYA) was launched by the H-IIA rocket in 2007 to be put into the orbit around the moon. In KAGUYA project, we carry out the scientific observations of the moon, at the moon, and from the moon. 24) . In this paper we present the design of the UPI-TEX imager and the calibrated performance.
Science Target
The UPI-TEX instrument provides global images of plasmas in the vicinity of the Earth by detecting He II (30.4nm) emission scattered by He + ions and OII (83.4 nm) emission by O + ions. The observational targets are the plasmasphere, the polar wind, and the magnetosphere. In the following subsections, we present the scientific motivations and open questions which have not been resolved by past satellite observations.
Global Image of the Plasmasphere
The intensity of He II (30.4 nm) emission from the main body of the plasmasphere is reported as about 5 R by Nakamura et al. [2000] 17) . This result is consistent with early measurements of 1-10 R done by sounding rockets from the inside-out view 10) and with simulational EUV images of the plasmasphere 25) . The intensity from the outer boundary of the plasmasphere has not been clarified yet by IMAGE mission, but reported to be in the range of 0.1-5 Rayleigh by the Planet B satellite 18) . The intensity of 0.1-0.5 R is considered to be a lower threshold level of the detection to grasp the global shape of the plasmasphere.
Plasmasphere Response to the Interplanetary Magnetic Field (IMF)
Murakami et al. [2007] used the sequential EUV images of the plasmasphere obtained by NASA's IMAGE satellite, and investigated the plasmaspheric response time to the solar wind electric field which was measured by solar monitor (ACE satellite) 26) . They showed that the plasmapause response to the southward turning of the IMF takes 10-30 minutes, and average 18 minutes. It is consistent with time scale derived from the ionospheric observations on the ground stations 27) 28) 29) 30) 31) . From this reason, they concluded that the electric field penetrates from the magnetopause to the inner magnetosphere through the ionosphere. But they also insisted that due to limited EUV data, they found only 16 events, the result should be re-investigated by more completed data set of EUV images. The IMAGE satellite orbits near the Earth. Therefore, it cannot always monitor the whole plasmasphere. There are at least a few hours intervals from image to image. That makes difficult to estimate time-lag between the IMF arrival at the magnetosphere and plasmasphere evolution. TEX observation improves this difficulty, because KAGUYA provides the best platform to command a panoramic view of the whole plasmasphere always. As cited above, the intensity of 0.1-0.5 R is a lower threshold level to grasp the plasmaspheric response.
Net escape rate of Earth's oxygen to space
The observed polar outflow rate for O + ions corresponds to the loss of about 18% of the present-day atmospheric oxygen over 3 billion years. However, part of this apparent loss can actually be returned to the atmosphere.
Examining loss rates of four already-identified escape routes with high-altitude spacecraft observations, Seki et al. (2002) showed that the total oxygen loss rate inferred from current knowledge is about one order of magnitude smaller than the polar O + outflow rate 32) . Then, they suggested that there may be a substantial return flux from the magnetosphere to the low-latitude ionosphere, also implied that it may indicate the existence of unknown loss process for terrestrial oxygen. Otherwise, the net escape loss over 3 billion years may drop to about 2% of the current atmospheric oxygen content. This issue is very important not only for magnetosphere physics but also for the planetology.
Photometric observation is very useful to resolve this issue, because in-situ measurement is difficult to observe the escape of cold O + ions at energies below 50 eV without spacecraft potential control 32) .
Continuous Leakage of Plasmaspheric Materials
Recent studies have revealed another feature of the plasmasphere. According to in-situ plasma measurements carried out on multiple geosynchronous satellites, the standard teardrop model of the plasmasphere, where the bulge size and location are determined by theconvection electric field strength, is not a completely comprehensive description even under low geomagnetic activity 33) .
Furthermore, Matsui et al. [1999] have reported that GEOTAIL on a higher L value path (L ～ 10) often found plasmaspheric materials independent of Kp 34) . They also have concluded that cold plasma continuously convected toward the magnetopause. These results force us to verify the classical understanding and morphology on the plasmasphere/plasmapause which were constructed in the 1960s.
According to Matsui's statistical analysis, the structure of cold ions along the GEOTAIL path (L >10) is quasi-stable with density of 2-10 cm-3. If we assume that 10 % of such a population consists of He+ ions, that they spread along the dusk-to-dawn direction of 10Re, and that the g-factor of He II (30.4 nm) emission is 2 *10E-5 (ion-1 s-1), then the intensity of He II (30.4 nm) from this source is estimated at 0.026-0.13 R. Thus it is needed to construct optics with a lower threshold level of about 0.02 R to identify this unique phenomenon.
Plasmasphere Refilling
The refilling of the plasmasphere has brought considerably theoretical interest for several decades (see "Plasmasphere Refilling" special section in Journal of Geophysical~Research, volume 97, issue A2, pp. 1047-1179, 1992). There were important studies for the plasmasphere refilling in the 1960s and early 1970s, both observations 35) 36) 37) and theory or modeling 38) 39) 40) , which addressed various refilling problems. One of the unsolved and highlighted issues is how plasma distribution approaches a diffusive equilibrium state under the refilling, where plasma is supplied from the conjugate ionospheres through field-aligned supersonic flows. Most models dealing with refilling of the plasmasphere rely on initial conditions such as plasma density, flow velocity, and temperature in an empty flux tube. However, there is no theoretical basis to decide on the initial distributions, nor is there firm guidance from the observations. Because of little information, the initial conditions are arbitrarily chosen in the models. The choice is generally only based on the fact that the equatorial plasma density in a depleted flux tube is as low as 1 cm-3.We do not know how this low equatorial density connects with the high ionospheric density.In this regard, systematic observation along a depleted flux tube should reveal the subsequent refilling process. Such observation, however, is impossible to be conducted by using a single satellite, because it is impossible to know latitudinal and longitudinal distributions of plasma simultaneously.
The EUV imaging is a promising method to overcome the difficulty. From the theoretical considerations, time resolution of 30-minute is necessary to examine the refilling issue . The measured He II (30.4 nm) intensity of the refilling trough region is 0.02-0.1 R as cited above. TEX should achieve the capability of time and spatial resolutions.
Cold Ions in the Plasma Sheet
It is well known that the plasma sheet is mainly populated with hot (keV) H+ and O+ ions and involves a small amount of He+ ions. The polar wind is the most substantial source flux of low-energy ions entering the near-Earth plasma sheet (XGSM>-30 Re). The cold plasma in the polar wind is energized up to several keV at the entry to the plasma sheet by a number of possible mechanisms 41) .
There is an open question on plasma density which cannot be answered with current data. Chappell et al. [1987] estimated the average He+ density in the plasma sheet on the basis of the outflow flux of He+ ions in the polar region 43) : 0.007 cm-3 at quiet times and 0.035 cm-3 at active times. His numbers exceed a density of 0.005 cm-3 from in situ measurements 44) . He suggested that the difference is due to the existence of an invisible low-energy plasma (<10 eV) which had never been observed, because spacecraft are typically charged to positive potentials exceeding ion energy 43) . His estimations correspond to the column density of 1.3 -6.7E8 cm-2 from the dusk-to-dawn view of 30 Re optical length. If a typical g-factor of 2E-5 (s-1 ion-1) is assumed, the intensities of He II (30.4 nm) are calculated as 0.003-0.013 R. also reported the signal up to 0.02 R was detected from the outside of the plasmasphere 18) , but due to a low spatial resolution of the instrument, they could not completely identify the origin. TEX observation on the lunar orbiter surely identifies the origin.
Study of this topic does not need high time-resolution EUV image. The photometric measurement of the plasma sheet with a detection capability of 0.01-0.02 R with the spatial resolution of 3 Re should bring a definite conclusion on it.
Instrumentation
Effective imaging of the near-Earth plasma distribution TVIS Azimuthal Elevation TEX Fig. 1 . Upper atmosphere and Plasma Imager (UPI) aboard KAGUYA satellite. Two telescopes are installed on the equatorial mounting (motor-controlled azimuthal and elevation axes) gimbal. After the insertion to the lunar orbit, the system is open (left panels) in order to make the two telescopes ready to point to the Earth. Pointing accuracy of the equatorial mounting is 3.24" around Azimuthal and 2.68" around Elevation axis.
requires global 'snapshots' with wide field-of-view (FOV). KAGUYA provides us an ideal platform that commands a panoramic view of the near-Earth circumstance. Our telescope of extreme ultraviolet is mounted on 2-axis gimbal system together with Telescope of Visible light (TVIS) as shown in Figure 1 . Pointing accuracies of the equatorial mounting are 3.24" around Azimuthal and 2.68" around Elevation axes. These correspond to the spatial resolution of 5 km on the Earth's surface. The UPI-TEX imager is a type of normal-incidnence telescope with a split thin metal filter, which is made of Al/C and In, in order to detect the resonance scattering emissions of helium ions (He II : 30.4nm) and oxygen ions (O II : 83.4 nm). The science goals are mainly 1. To understand a global plasma distribution in the inner magnetosphere, and 2. To study outflow mechanisms of oxygen ions from the polar ionosphere. The cold plasma in the plasmasphere also has active response at the high magnetic activity, contrary to a traditional understanding of the plasmaspheric formation. Recent observations have found that the heavy ions like oxygen ions could also flow out. The remote sensing at O II by TEX is the first image all over the world and will investigate the nature. Optics in TEX consists of a multilayer coated mirror to increase the reflectivity at 30.4nm, a split metallic thin filter, and microchannel plates to pick up photon events (Figure 2 ). High-voltage power supply (HVPS) is installed at one side as shown in Figure 2 , and preamplifier unit is contained along the other side. Survival heaters for the main body of the instrument, the HVPS and the preamplifier (not shown in Figure2) are installed. The key points for the O II (83.4 nm) and He II (30.4 nm) imagings are (1) to eliminate the contamination from H I (Ly-α , which is emitted from the geocorona to have the intensity of 10 kR at maximum 45) and (2) to enhance the detection efficiency at 30.4nm. (1)
Total sensitivity
In the following, we estimate Signal-to-Noise Ratio (SNR) during observation. The detector behaves as an ideal photon counter so that signal corresponds to the number of photon events collected during an exposure period (t exp ) and noise is the square root of signal.
Instrumental background (noise count from MCPs in the detector unit) is a primary noise source. The MCPs manufactured by Hamamatsu Photonics Co. had the noise count by 10.4 cps/cm2 in our previous planetary mission, although the noise count in the laboratory was below 1cps/cm2 18) 19) . This is due to cosmic ray and/or high energy particle bombardments in the magnetosphere. For lunar environment, we assume the latter component is negligible but as the worst case analysis, we assume 10.4cps/cm2 (0.0065cps/bin) as dark count in lunar orbiter.
Second noise source is a contamination from He I (58.4nm) and Ly-α  emissions. As stated above, Ly-α is sufficiently reduced by the metallic filter on both sides. The intensity of Ly-α is insensitive to our estimation of SNR. In the following discussion, we assumed and fixedthe Ly-α  intensity at 5kR. The other possible contamination is He I (58.4nm) emission. This is fairly-well reduced by the filter, but potentially contaminates our observation. We assume the geocoronal He I (58.4nm) intensity to be 500R at the most 8) and interstellar He I (58.4nm) to be 10R 23) . During the measurement, a detector pixel sees the EUV signal (N Signal ), measured in cps/bin and the background (N Background: instrumental background plus contaminations from the other EUV emissions), measured in the same units. And the number of signal counts is the total observed counts minus the background Figure 3 shows SNRs based on the above assumptions. Expected intensities discussed in Section-2 are also indicated. Here we set "SNR=2 or 3" as a norm. For He II (30.4 nm) observation, the observation mode (2-minute exposure and 0.09 Re resolution) can identify the main body of the plasmasphere with a high reliability (SNR=3). Also, identifications of plasmapause and refilling region in the trough discussed in Section-2 are feasible with a fairly good SNR. Imaging of the Plasmasheet is the most challenging target, but we will be able to achieve the science goal against the low sky background of He I (10R).
Imaging polar wind by O II (83.4nm) is also challenging target, but the 30-minute exposure with 0.5 Re resolution makes visible the polar wind with SNR=2. Figure 4 shows a schematic drawing of the plasmasphere structured by geomagnetic field lines, seen from the perspective view of KAGUYA. It should be noted that a 2-dimensional image of the plasmasphere is not dipolar, but the outer boundary is elliptic. Because the brightness of the He II emission reflects the column density along the line-of-sight (LOS) of the measurement, the plasmasphere seems elliptic from the perspective of KAGUYA. 
Summary
We can image near-Earth cold plasmas at O II (83.4nm) and He II (30.4nm) emissions by UPI-TEX instrument aboard KAGUYA satellite. The UPI-TEX instrument has enough performance to detect the oxygen ion outflow, the transport route from the polar ionosphere into the magnetosphere, and the plasmasphere. 
